Abstract The characteristics of the Cu-18.84 at.%Al-10.28 at.%Mn-1.57 at.%Ag alloy after slow cooling from high temperatures were studied using optical and scanning electron microscopies, microhardness measurements with temperature, differential scanning calorimetry, X-ray diffraction, magnetic moment changes with temperature and applied field. The results indicated the presence of a new transition associated with dissolution of the Ag-rich phase. It was also verified that the content of Al strongly interferes with the magnetization of the Cu-18.84 at.%Al-10.28 at.%Mn-1.57 at.%Ag alloy, since at lower Al concentration the relative fraction of the ferromagnetic L2 1 -(Cu 2 AlMn) phase is decreased.
Introduction
The phase transformations that occur in the solid state take place by thermally activated atomic movements. The different types of phase transformations that are possible can be roughly divided into the following groups: (a) precipitation reactions, (b) eutectoid transformations, (c) ordering reactions, (d) massive transformations and (e) polymorphic changes [1] . The Cu-Al-based alloys present various phase transformations [2] , and additions of new alloying elements to this system can modify its characteristics, the phase stability [3] [4] [5] and some properties such as microhardness [6] , corrosion resistance [7] , magnetization [6] and phase transformation kinetics [8, 9] . The Cu-Al-Mn system has been fully investigated at temperatures above 723 K and was found that the addition of Mn expands the high-temperature b-phase field of the Cu-Al system. The compositional range of bphase stability increases with temperature, and it includes the composition of the Cu 2 MnAl Heusler phase at temperatures above 923 K. At 673 K, the equilibrium phases in these alloys are Cu 3 Mn 2 Al, c 1 and b Mn . The precipitation of these phases can be suppressed by quenching [10] and ordering processes can be observed. These ordering reactions take place in two stages, A2 ? B2 at about 1023-1043 K and then B2 ? L2 1 at about 888 K for the Cu 2 MnAl alloy during cooling. Additions of alloying elements to the Cu-Al-Mn system can also modify the phase stability and some properties such as magnetization and microhardness. Literature data show that the addition of Mg to Cu-Al-Mn alloys shifts the martensitic transformation temperature to higher values, while addition of Fe shifts it to lower values [11] . The addition of Ce enhances the tensile strength and the ductility of Cu-Al-Mn alloys [12] , but there is little information about the effect of Ag additions. In this work, the characteristics of the Cu-18.84 at.%Al-10.28 at.%Mn-1.57 at.%Ag alloy were studied to analyze the effect of the presence of Ag on phase transformations and on the formation of stable phases after slow cooling.
Experimental
The Cu-18.84 at.%Al-10.28 at.%Mn-1.57 at.%Ag alloy was prepared in an arc furnace under argon atmosphere using 99.95 % copper, 99.97 % aluminum, 99.995 % manganese and 99.98 % silver as starting materials. Results from chemical analysis indicated a final composition very close to the nominal one. Cylindrical samples with 2.0 cm in diameter and 6.0 cm in length were cut into disks of 2.0 mm thickness. These samples were annealed for 120 h at 1123 K and then cooled at 1.0 K min -1 down to room temperature. The microhardness of the annealed alloy was then isochronically measured as a function of quenching temperature, in the range from 323 to 1123 K. After the heat treatments, the sample was polished, etched and examined by scanning electron microscopy using a JEOL JSM LV5900 microscope with micro-analyzer and by optical microscopy (OM) using a OPTON 7Y optical microscope. The X-ray diffraction (XRD) patterns were obtained using a Siemens D5000 4B diffractometer, with Cu Ka radiation, solid (not powdered) samples and in the range from 10°to 100°. The Vickers hardness measurements were made with a SHIMADZU HMV-2T microhardness tester using a load of 9.8 N. Each hardness value was calculated from an average of 10 hardness impressions. DSC curves were obtained at different heating rates using a DSC Q20 TA Instruments and flat samples with 3.0 mm of diameter and 1.0 mm of thickness. The temperature and heat flow were calibrated using the melting temperature and fusion heat of pure In. The magnetic properties were measured using a vibrating sample magnetometer (PPMS Ever Cool, 9 T, Quantum Design). The magnetization measurement with temperature was made at 200 Oe in the temperature range from 300 to 900 K, while the magnetization change with applied field was measured at 300 K in the magnetic field range from 0 to 50,000 Oe. Figure 1a shows the plots of microhardness changes with temperature. The measurements were made at the grain boundaries and grain middle of an annealed sample of the Cu-18.84 at.%Al-10.28 at.%Mn-1.57 at.%Ag alloy. In this figure, it is possible to see that up to 873 K, the hardness values from grain middle are lower than those found at grain boundaries, and from 923 K, these ones became similar. In this alloy, the grains are mainly formed by the a phase, which is richer in Cu and the microhardness values of the alloy are closer to those verified for the metallic Cu, while at the grain boundaries intermetallic compounds are dominant and higher microhardness values are found. Therefore, the grain middle is softer than the grain boundaries. In the curve corresponding to the values obtained from grain middle, one can observe that the microhardness values remain approximately constant up to 723 K. From this temperature, there is a microhardness decrease up to 823 K, and then, it increases up to 923 K, reaching values similar to those verified at the grain boundaries. A quite similar profile was found on the curve obtained from the grain boundaries. It is interesting to notice that, for measurements obtained at the grain middle, the values decrease up to 823 K and reach a value close to pure Cu (*60 HV). It suggests that the diffusional flux of Al, Mn and Ag atoms dissolved into the a phase was oriented to the grain boundaries, thus leaving the grains richer in Cu. Adorno et al. [8] observed in annealed samples of the Cu-19 at.%Al alloy a microhardness decrease from 573 K. This suggests a change on the sequence of phase transitions in the presence of Mn. The manganese decreases the eutectoid reaction rate verified in Cu-Al alloys [6] and the phase transformations related to the complex (a ? c) phase produced after slow cooling, thus changing the microhardness values of the Cu-18.84 at.%Al-10.28 at.%Mn-1.57 at.%Ag alloy.
Results and discussion
Considering the heterogeneous nucleation of phases at the grain boundaries of this alloy, the first decrease in the microhardness values, between 373 and 473 K, can be associated with a rearrangement of the primary a phase followed by a change in the grains shape. This was confirmed by the optical microscopy images shown in Fig. 2a These results are comparable to those verified for the Cu-18.7 at.%Al-10.8 at.%Mn alloy [13] . These reactions drag the Al, Mn and Ag atoms to the grain boundaries, and the a phase grains became richer in Cu. The increase in the microhardness values between 823 K and 923 K corresponds to the formation of a single-phase region ascribed to the b (A2) phase, as seen in Fig. 2c . The b (A2) ? a ? b (A2) reaction occurs at about 1000 K [13] . Figure 1b shows the DSC curves obtained at different heating rates for the Cu-18.84 at.%Al-10.28 at.%Mn-1.57 at.%Ag alloy after annealing. In these curves, it is possible to observe two endothermic thermal events, E 1 and E 2 . The thermal event E 1 , at about 543 K, is shifted to higher temperatures when the heating rate is increased. This phase transition was not detected in the microhardness curves. The peak E 2 , at about 763 K, is broad and corresponds to the change verified in the microhardness curves in Fig. 1a in the temperature range from 723 to 823 K. Therefore, the peak E 2 was ascribed to the b(DO 3 ) ? a ? The scanning electron micrographs shown in Fig. 3 indicate that Ag-rich precipitates (white region) formed during slow cooling are dissolved between 723 and 823 K. Hence, this process is also occurring in the same temperature range of the peak E 2 , thus contributing for the width increase in this thermal signal.
The thermal event E 1 is related to the inverse of spinodal decomposition DO 3 ? L2 1(f) ? DO 3 , in which the ferromagnetic L2 1 -(Cu 2 AlMn) phase is dissolved in the metallic matrix. This phase transformation was confirmed by the measurement of magnetic moment changes with temperature, shown in Fig. 4a , which indicates a Curie temperature at about 543 K. Above this temperature, the ferromagnetic L2 1 -(Cu 2 AlMn) phase is dissolved and the relative fraction of the DO 3 -(Cu 3 Al) phase is increased. Considering the Al content in the studied alloy and comparing these results to those found in the literature for the Cu-(0-40) at.%Al-(0-30) at.%Mn alloys [14] , one can see that this transition was shifted to higher temperatures. The results observed in the literature [14] indicate that the Curie temperature should be around 473 K for the alloy studied in this work. This indicates an increase in the thermal stability of the ferromagnetic L2 1 -(Cu 2 AlMn) phase that can be related to changes in the phase structure in the presence of Ag.
In the plot of magnetic moment changes with applied field, shown in Fig. 4b , it is possible to observe that the annealed alloy has a magnetic saturation value of about 7.5 emu g . This is about nine times lower than that verified for the Cu-22.49 at.%Al-10.01 at.%Mn-1.53 at.%Ag alloy [6] , suggesting that the Al content strongly interferes with the magnetic properties of Cu-Al-Mn-Ag alloys, since It is known [15] that magnetization decreases almost linearly with the fraction of the ferromagnetic (L2 1 )-Cu 2 AlMn phase. These magnetic properties originate from localized magnetic moments at Mn atoms. In the L2 1 structure, these Mn atoms are mainly located on one of the four distinguishable sublattices. This ordering of the Mn atoms enables ferromagnetism in the stoichiometric Heusler compound [16] . Hence, the competition by the Mn and Al atoms to produce other phases during slow cooling and at low temperatures decreases the ferromagnetic (L2 1 )-Cu 2 AlMn phase relative fraction and, consequently, the alloy magnetization. The effect of Al content seems to be important in alloys with *10 at.%Mn, since the aluminum atoms act as limiting agents for the Cu 2 AlMn phase formation, which contribute also for the decrease in alloy magnetization, as compared with the Cu-22.49 at.%Al-10.01 at.%Mn-1.53 at.%Ag alloy [6] . Figure 5 shows the X-ray diffraction patterns obtained at different temperatures from annealed samples of the Cu-18.84 at.%Al-10.28 at.%Mn-1.57 at.%Ag alloy. In this figure, it is possible to observe that all phases associated with the mentioned transitions were detected in the temperatures range cited, thus confirming the presence of the stable phases [10] in the annealed samples, the Ag-rich precipitates dissolution up to 798 K and that the DO 3 (Cu 3 Al) phase is dominant after 623 K. Figure 6a shows the DSC curve obtained for the Cu-18.84 at.%Al-10.28 at.%Mn-1.57 at.%Ag alloy with cooling rate of 1.0 K min , the peak became undefined, as seen in Fig. 6b . This suggests that the spinodal decomposition reaction is only well determined when samples of the Cu-18.84 at.%Al-10.28 at.%Mn-1.57 at.%Ag alloy are cooled at rates lower than 10 K min -1 . Above this cooling rate, the ordering reaction, b(DO 3 ) ? b (L2 1(f) ), is dominant.
The ordering transitions, spinodal decomposition reaction and Ag-rich phase precipitation that occur during slow cooling of the Cu-18.84 at.%Al-10.28 at.%Mn-1.57 at.%Ag alloy in the range from 873 K to room temperature and its characteristic temperatures are shown in Table 1 .
Conclusions
The results indicate that at about 823 K, there is a decrease in the microhardness values obtained at the grain middle of the alloy, reaching a value close to the pure Cu. This was attributed to the orientation of solute diffusional flux to the grain boundaries due to the existence of three reactions in this temperature range. It was observed that the Ag-rich precipitates formed during slow cooling are dissolved between 723 and 823 K and that the presence of silver increases the thermal stability of the ferromagnetic L2 1 -(Cu 2 AlMn) phase. It was also verified that the content of Al interferes strongly with the magnetic properties of the Cu-18.84 at.%Al-10.28 at.%Mn-1.57 at.%Ag alloy, since at lower Al concentration the relative fraction of the ferromagnetic L2 1 -(Cu 2 AlMn) phase is decreased.
